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Nonmagnetostrictive Co-rich amorphous wires, 130 mm in diameter, were stress annealed to induce
a transverse anisotropy. The resultant structure consists of a circular-magnetization single domain
except in a thin core, 2 mm in diameter, where magnetization is axially oriented. The wall
interconnecting the outer shell with the core magnetization induces a local helical anisotropy during
the annealing. As a consequence, a strong link between the magnetization directions in both regions
appears. It is shown that direct current axial fields produce remarkable shifts of the circular
hysteresis loops. © 1999 American Institute of Physics. @S0003-6951~99!01109-2#Amorphous ferromagnetic materials are characterized by
the lack of structural order that gives rise to a negligible
structural magnetic anisotropy. This characteristic, together
with the high atomic mobility of the amorphous state, allows
us to induce macroscopic anisotropies by means of suitable
field and/or stress annealing treatments.1 This property be-
comes particularly interesting since the control of the anisot-
ropy leads to the control of the magnetic behavior. More-
over, as reported in this letter, amorphous ferromagnets with
negligible magnetostriction are ideal materials to tailor mi-
cromagnetic configurations with extremely interesting mag-
netization process characteristics from both fundamental and
applications scopes.
Amorphous wires are currently obtained by the rotating-
water-quenching technique.2 The study of these materials has
been a topic of considerable interest during the last decade as
they present outstanding properties, such as magnetic
bistability3 and giant magnetoimpedance,4 which make them
particularly interesting for a number of sensing applications.
A detailed review of the characteristics of these materials can
be found in Ref. 5.
This work presents a peculiar exchange bias effect ob-
served on Co-rich amorphous wires exhibiting a transverse
anisotropy, induced by stress annealing. This effect gives
rise to a noticeable shift of the circular hysteresis loops when
a direct current ~dc! axial bias field is applied. Up to the
present date, shifts in the hysteresis loops have been reported
in ~i! composite antiferro ~AF!/ferro ~FM! or spin glass ~SG!/
ferro ~FM! materials, in which the AF or SG phases acts as a
pinning for the ferromagnetic phase,6 this has been the origin
of the spin valves structures; ~ii! hard–soft two phase mag-
netic materials in which both the exchange and dipolar inter-
actions are responsible of the above mentioned effect;7 and
~iii! materials subjected to a dc bias field parallel to the driv-
ing field, as is the typical case of flux-gate magnetometers
based on the hysteresis shift produced by a static field.8
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(Co96Fe6!72.5Si12.5B15 alloy wires treated using tension an-
nealing at 450 °C in order to induce magnetic anisotropy9
~the thermal treatment was carried out under a 400 MPa ten-
sile stress, value for which the transverse induced anisotropy
overcomes any other residual anisotropy!. The wires were
kindly supplied by the Japanese company UNITIKA Inc. All
the measurements were performed on wires 130 mm in di-
ameter and 30 cm in length.
The axial (M z – Hz) hysteresis loop was measured with a
conventional induction technique hysteresis loop tracer at 80
Hz. In order to obtain this loop, the magnetic field (Hz) was
applied along the wire axis using a long solenoid. The
changes in the axial component of the magnetization (M z)
were picked up with a coaxial 1000 turns secondary coil. In
Fig. 1~a! the longitudinal hysteresis loop of the studied
sample is displayed. The tension annealing process induces a
transverse anisotropy as shown by the linear nonhysteretic
loop, characteristic of coherent rotation when a magnetic
field is applied along the hard axis direction. From the ex-
perimental anisotropy field which reaches a value close to
500 A m21 and by considering the value of the spontaneous
magnetization M s55.63105 Am21, the deduced anisotropy
constant is K5200 J m23.
The circular magnetization versus circular magnetic field
hysteresis curve (M f – Hf) was also measured and is dis-
played in Fig. 1~b!. In this case, the circular magnetic field
FIG. 1. ~a! Axial (M z – Hz) and ~b! circular (M f – Hf) hysteresis loops for
a 30-cm-long sample annealed under 400 MPa tensile stress.5 © 1999 American Institute of Physics
o AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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changes in the circular component of the magnetization
(M f) produce a voltage drop between the ends of the wire
which was integrated and plotted versus the circular field.
The measurement technique has been fully described
elsewhere.10 The magnetization has been plotted as a func-
tion of the magnetic field at the surface of the wire. The
square shape of the loop, typical of an easy axis magnetiza-
tion process, is due to the circular anisotropy induced by the
thermal treatment. The value of the circular coercive field
(HCf)518 A m21 is 0.04 times the anisotropy field obtained
from the axial loops, which suggests that the reversal of the
circular magnetization is produced by a domain wall
nucleation–propagation process. The value of the normalized
remanence (M r /M s) equals unity. From this observation, we
can conclude the existence of only one outer shell domain
along the entire length of the wire ~30 cm! in which the
magnetization lies circularly oriented.11
Let us consider the amorphous wire as an infinite cylin-
der divided in concentric shells. For symmetry reasons, the
magnetization in each shell is postulated to be oriented
around the axis of the wire forming an angle w with it ~the
radial component of the magnetization was assumed to be
zero to minimize the magnetostatic energy!. Under these
conditions, the magnetic energy density of the wire is given
by the sum of anisotropy and exchange energies. Minimiza-
tion of the energy leads to the following Euler equation:
S d2wdr2 D1 1r S dwdr D1S KA2 12r2D sin 2w50. ~1!
A being the exchange constant, typically 10211 J m21, r the
radial coordinate, and K the transverse anisotropy constant.
The first two terms account for the radial exchange, whereas
the azimuthal exchange can be gathered as an effective an-
isotropy term with k*5(K2A/r2). Equation ~1!, points out
that, if we neglect the radial exchange, the easy magnetiza-
tion direction is circular (w5p/2 or 3p/2! for r
.(A/2K)1/2 and axial (w50 or p! for r,(A/2K)1/2, respec-
tively. The physical meaning of these solutions can be un-
derstood as follows; for small r if the magnetization orienta-
tion were circular, thus minimizing the anisotropy energy,
the azimuthal exchange which varies as 1/r2 should increase
enough to reach an energetically unfavorable balance. The
sharp p/2 transition of the easy axes orientation at r
5(A/2K)1/2 is smoothed by the radial exchange as illustrated
in Fig. 2. Equation ~1! has been solved using a finite differ-
ence method.12 Results for different values of the parameter
j5K/A are shown in Fig. 2. It is worthwhile noticing that
for our sample with K5200 J m23, or j520 mm22, the inner
core plus the wall extends approximately 1 mm around the
axis. Therefore, only in a volume fraction of around 0.03%
the magnetization lies out of the circular direction. This neg-
ligible volume fraction accounts for the lack of remanence in
the axial loop as well as for the squareness of the circular
magnetization loops.
According to Eq. ~1!, in the transition zone the effective
anisotropy vanishes, k*50 at r5(A/2K)1/2. Therefore, the
reversal of the circular magnetization is expected to start in
this zone and then to propagate toward the outer surface.
The experimental (M f – Hz) hysteresis curve ~Fig. 3!
Downloaded 09 Mar 2010 to 161.111.180.191. Redistribution subject twas obtained by applying a magnetic field parallel to the axis
of the wire with a long solenoid and measuring the change in
the circular component of the magnetization as explained in
the case of the circular loop hysteresis loop. This curve pro-
vides a deeper insight of the magnetization process. In par-
ticular, it shows the existence of a preferred helical distribu-
tion in the wall region. From the remanent state, the axial
magnetization process is due to reversible rotation of the
circularly oriented outer shell towards the axial direction ~see
inset Fig. 3!. However, for a critical value of the field, Hcr
5500 A m21, the circular magnetization is reversed and an
effective hysteresis appears. The reversal of the circular
magnetization is originated by the action of an axial field that
can be interpreted as illustrated in Fig. 4~a!. In Fig. 4 the two
cases are shown: ~a! When the wall has induced a localized
helical anisotropy during the annealing,13 the magnetic mo-
ment of the wall at r can easily lie only along w or w1p and,
thus, the reversal of axial magnetization tends to reverse the
circular magnetization. The same argument leads to conclude
that the reversal of the circular magnetization induces the
reversal of the axial one. ~b! However, when the localized
helical anisotropy is negligible the magnetic moments lo-
cated at the wall can orientate with the same energy along
any w as 2w or p2w and the reversal of the circular and
FIG. 2. Angle ~w! between the magnetization and the wire axis as a function
of the radial coordinate as obtained after solving Eq. ~1!. The parameter j
5K/A represents the anisotropy–exchange ratio.
FIG. 3. Circular magnetization vs axial field hysteresis loop (M f – Hz) for a
30-cm-long sample annealed under 400 MPa stress. Inset: The minor
(M f – Hz) loop points out the reversible character of the magnetization pro-
cess until Hcr is reached.o AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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dently.
The (M f – Hz) loop has shown the existence of a corre-
lation between the axial and circular components of the wire.
The origin of such correlation is the preferred helical path
induced at the wall during the annealing and frozen in after
cooling.14
A consequence of the preferred helical path of the wall is
that deviations of the symmetry in both axial and circular
hysteresis loops are expected when applying circular and
axial dc bias field, respectively. The effect of an axial dc
field on the circular magnetization process can be seen in
Fig. 5. When applying an axial field lower than the anisot-
ropy field, the magnetization is tilted out of the circular di-
FIG. 4. Reversal of the core magnetization when an axial field is applied: ~a!
If an induced anisotropy is present at the wall region the inversion of the
core causes the inversion of the shell; ~b! if such anisotropy is not present
the core reversal occurs independently. The dotted lines represent the easy
axes at the different regions.
FIG. 5. Circular (M f – Hf) hysteresis loops for different biasing axial
fields. Inset: two circular hysteresis loops corresponding to applied biasing
fields of the same magnitude but opposite axial directions. It can be ob-
served that the direction of the shift is correlated with the direction of the
biasing field, as expected from the existence of a helical anisotropy.Downloaded 09 Mar 2010 to 161.111.180.191. Redistribution subject trection so decreasing the remanence and, besides the irre-
versible switching process, an additional rotation of the
magnetization back to the easy direction is necessary to
reach saturation. This is clearly deduced from the loop cor-
responding to Hz5470 A m21 that approaches to saturation
following a reversible rotation process.
Nevertheless, the most remarkable effect is that the dc
axial field introduces a noticeable shift in the circular hyster-
esis loops along the horizontal direction, as is clearly ob-
served for Hz5565 A m21. The shift is towards the opposite
direction when the dc field direction is reversed ~see inset in
Fig. 5!. This shift points out the exchange bias effect of the
wire core axial magnetization on the outer shell circular
magnetization. When the axial field defines the axial magne-
tization direction it is also defining a preferred circular direc-
tion through the coupling carried by the anisotropic wall. For
further increasing bias dc fields, the longitudinal saturation is
reached and the effect of the circular field is restricted to
induce a reversible rotation toward the circular direction, as
illustrated in the hysteresis loop corresponding to Hz
5750 A m21.
In summary, it has been shown that under suitable stress
annealing it is possible to create a circular single domain
structure in amorphous wires. A thin wire core exhibits axial
magnetization direction. Radial exchange induces the forma-
tion of a 90° wall separating both regions. The anisotropy
induced by the wall itself gives rise to a strong correlation
between the direction of both magnetization components.
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